Background: The confirmation of clinical diagnosis, molecular remission, and sequential minimal residual disease monitoring required PML-RARα detection in acute promyelocytic leukemia (APL). The current status of PML-RARα detection in various laboratories remains unknown. Methods: In 2018, external quality assessment (EQA) for PML-RARα detection was carried out in China. Three EQA sample panels for PML-RARα isoform L/S/V were prepared by different mock leukocyte samples. The performances of PML-RARα detection, including admission screening, and qualitative and quantitative detection by real-time quantitative reverse transcription PCR (RT-qPCR), were assessed based on APL simulated clinical case. Results: The mock leukocyte samples met the requirements of a clinically qualified sample for PML-RARα EQA panel. Among the laboratories, 13/50 (26.0%) were "competent," 21/50 (42%) classified as "acceptable," and 16/50 (32.0%) classified as "improvable." One (1/50, 2.0%) laboratory reported one screening mistake. Twenty-six (26/50, 52.0%) laboratories reported 29 false-positive and 19 false-negative results. Twenty-three (23/50, 46.0%) laboratories reported 42 quantitative incorrect results. Conclusion: Significant differences were not found in PML-RARα detection performance among laboratories that used different extraction methods. The performances of qualitative and quantitative RT-qPCR detection were worse accurate for PML-RARα isoform V. Quantitative variation was higher for low-level samples. Further continuous external assessment and education are needed in the management of PML-RARα detection. K E Y W O R D S acute promyelocytic leukemia, external quality assessment, PML-RARα, real-time quantitative reverse transcription PCR
| INTRODUC TI ON
Acute promyelocytic leukemia (APL) is a distinct subtype of acute myeloid leukemia (AML) with characteristic biological and clinical features, 1 comprising approximately 10% of de novo AML cases in younger adults. 2 APL is present of a specific t (15;17) chromosomal translocation in the leukemic blast, which involves the promyelocyte (PML) gene on chromosome 15 to the retinoic acid receptor-alpha (RARα) gene on chromosome 17. 3 According to different breakpoints in PML and RARα, there are three isoforms of PML-RARα fusion gene (FG): long (L, 55%), variant (V, 5%), and short (S, 45%). 4 PML-RARα FG is present in almost all APL cases and is a biomarker for APL diagnosis, disease burden, minimal residual disease (MRD) monitoring, and molecular remission. [5] [6] [7] Detection methods for t (15;17) or PML-RARα FG include conventional chromosome analysis, fluorescence in situ hybridization, and polymerase chain reaction (PCR). Compared with common reverse transcription PCR (RT-PCR), real-time quantitative reverse transcription PCR (RT-qPCR) for PML-RARα has higher precision and reliability, and is routinely used, especially in molecular hematology laboratories. 8 Clinical detection of the PML-RARα fusion gene is important in APL development. APL can be diagnosed in patients with abnormal hematopoiesis and characteristic cytogenetic abnormalities with t(15;17), regardless of the percentage of marrow blasts. 9 PML-RARα FG transcript level can reflect the abnormal leukemia blasts load, quantitatively document disease burden, and confirm molecular remission. 10 The goal of consolidation therapy for APL is a durable molecular remission, defined as undetectable PML-RARα FG. 7, 11 Rigorous sequential MRD monitoring by RT-qPCR coupled with pre-emptive therapy can help reduce clinical relapse rates in APL patients. 5, 8 External quality assessment (EQA) programs of common RT-PCR for PML-RARα FG test were first performed nearly 20 years ago. 12, 13 These programs used RNA, cDNA, or plasmid as EQA samples, and examined the heterogeneous sensitivities of PML-RARα FG RT-PCR detection. In 2003, the Europe Against Cancer (EAC) program established RT-qPCR standardization and quality control analysis for the PML-RARα FG transcript and recommended the ratio of FG copy number to control genes (CG) copy number (FG CN /CG CN ) as the PML-RARα FG transcript level. 14, 15 The MRD value is a ratio between the FG transcript level in follow-up ((FG CN /CG CN ) FUP ) and diagnostic samples ((FG CN /CG CN ) DX ). 14, 15 These studies promoted the improvement of the PCR detection sensitivity and accuracy for PML-RARα FG, especially the EAC-sanctioned RT-qPCR. However, there existed some limitations. For some detection defects, total RNA, cDNA, recombinant plasmid, and NB4 cells were not suitable as EQA samples. 16, 17 Little is known about the evaluation of PML-RARα isoform V detection. These EQA programs only assessed the accuracy of the RT-PCR or RT-qPCR methodology, but did not analyze MRD monitoring results for PML-RARα based on APL clinical information. [5] [6] [7] The EQA scoring criteria for BCR-ABL1 are unsuitable for PML-RARα, because only the accuracy of quantitative RT-qPCR detection was analyzed, with no admission screening and qualitative test. 18 We made MS2 armored RNAs for PML-RARα FG transcript, CG transcript, and 23s rRNA. Armored RNAs are stable, nuclease-resistant, and precisely quantifiably synthetic RNAs. They were already used as BCR-ABL1 and control gene standards. 19, 20 The EQA panel of PML-RARα isoform L/V/S with simulated APL clinical information was designed. We prepared mock leukocyte samples as EQA samples by mixing different amounts of the aforementioned armored RNAs, which can simulate total RNA yields extracted from BM by adding a large amount of 23s rRNA armored RNA. The PML-RARα detection was assessed, including RNA extraction, admission screening, and qualitative and quantitative RT-qPCR test.
| MATERIAL S AND ME THODS

| Design of APL simulated case
According to the NCCN Clinical Practice Guidelines in Oncology Acute
Myeloid Leukemia (version 3.2017) and Management of acute promyelocytic leukemia: recommendations from an expert panel on behalf of the European LeukemiaNet, we designed APL simulated clinical case for isoforms L/S/V 6,7 (see Appendix S1).
| Preparation and evaluation of mock leukocyte samples for EQA panel
Total RNA extracted from BM was divided into three components, including PML-RARα FG transcript RNA, CG transcript RNA, and other non-target RNA. We used MS2 virus-like particle packaging RNAs were expressed and purified as previously described. 22, 23 The 
| Organization of the EQA
Before sample processing, the EQA samples should be centrifuged at 12 000 r/min for 1 min and did not need the reconstitution and the Each participant was asked to report the results on the data sheet within 2 weeks.
| Laboratory performance scoring
Accurate detection of the PML-RARα FG was prerequisite for APL diagnosis and MRD monitoring. 6, 7, 9 Any result distinct from the established value was considered as "incorrect result" which will affect evaluation of treatment effect for APL MRD. Any error in RT-qPCR is multiplicative, rather than additive, data distributions from RT-qPCR-based EQA testing program produce a lognormal distribution, that is an asymmetric distribution of results with a strong positive skew. 24 The log reduction was calculated by using the admission sample in each EQA panel as the baseline. The reduction in PML-RARα levels from this baseline value was then calculated for each correct qualitative positive EQA sample and reported as a log reduction. 18, 25, 26 The log reduction was analyzed using a robust statistical Z-score, 27 the score ≥3 as "incorrect result".
The EQA scores based on qualitative and quantitative results were classified as "competent" (100% satisfied results), "acceptable" (<2 incorrect results), or "improvable" (more than 2 incorrect results).
| Statistical analyses
All data were analyzed using SPSS version 16.0. PML-RARα detection sensitivity, specificity, accuracy, and variation distribution between different samples or groups were compared using t test or one-way ANOVA or Fisher chi-square test. P values < 0.05 were considered statistically significant. 
| RE SULTS
| Quality assessment of armored RNAs
| Evaluation of mock leukocyte samples
| Panel distribution and response
Fifty laboratories submitted their detection results and experimental data. TRIzol reagent was widely used by 46/50 (92%) participants, the spin column method was used by 3/50 (6%) laboratories, and only one laboratory used the magnetic bead method. The 37/50 (74%) laboratories used PML-RARa fusion gene RT-qPCR kit (YUANQI BIO Co., Ltd.
Shanghai, China) for one-step method, and 12/50 (24%) laboratories used two-step in-house RT-qPCR. One laboratory (2%) used PML-RARa fusion gene RT-qPCR kit (SYBio Co., Ltd. Shanghai, China) for two-step method ( Table 2 ).
| Performance of laboratories
The mock leukocyte samples had good adaptability to various RNA extraction methods. We did not find significant differences in RNA extraction performance among laboratories that used different extraction methods (P = 0.79; Figure 2A ). RNA yields extracted by TRIzol reagent between EQA samples in panel C
were consistent (P = 0.99; Figure 2B ). All 50 laboratories used ABL1 as the control gene. Excluding 6 results from one laboratory, other laboratories had control gene ABL1 CN >10 4 and the median of CG CN ranged from 1.14 × 10 4 to 4.57 × 10 7
( Figure 2C ). The different RNA extraction methods had no effect on PML-RARa detection accuracy and no significant difference (P = 0.40; Figure 2E ).
Among the laboratories, 13/50 (26.0%) laboratories were "competent," 21/50 (42%) classified as "acceptable," and 16/50 (32.0%) classified as "improvable." The performances of the different RT-qPCR assays used for the qualitative and quantitative tests indicated overall accuracy, sensitivity, and specificity were 91.1%, 94.0%, and 86.0%, respectively; the accuracy of in-house methods was better than commercial kits, and EQA panel C for isoform V detection was worse than that of EQA panels A and B (Tables 1 and 3) . Table 4 ). The CV of case set C was greater than the value of case sets A and B. The CV value increased at a higher PML-RARα level in each sample set (Table 4 ).
Case sets A/B/C contributed 8, 8, and 26 incorrect results, separately.
The quantitative accuracy of in-house methods was higher than that of commercial kits (P = 0.036; Table 2 ). The slope and R 2 value of the standard curve for quantitative RT-qPCR were analyzed in participating laboratories. The range was from −2.19 to −4.15 for the slope and 0.96 to 1.00 for the R 2 value. According to RT-qPCR quantitative results, we divided the participating laboratories into 3 groups, including correct detection group, quantitative incorrect group, and only qualitative incorrect group. Using the difference in slope as an index, the inconsistencies in amplification efficiency of PML-RARα FG and CG in the quantitative incorrect group were statistically significantly greater than those in the other two groups ( Figure 2D ).
| D ISCUSS I ON
We successfully designed mock leukocyte samples as the EQA panel for qualitative and quantitative RT-qPCR detection performance.
Thirty-seven of the laboratories reported incorrect qualitative or quantitative results of PML-RARα detection. The detection performance of the laboratories using in-house methods for PML-RARα was significantly better than those using commercial reagents.
Among three sample sets, the detecting ability to rare isoform V was worse than L or S. In the same sample set, the detection accuracy of 28 The RNA yields did not seem to affect PML-RARα FG RT-qPCR detection, because laboratories achieved accurate detection results ( Figure 2E , Table 2 ). This conclusion was consistent with previous findings. 26 The degree of agreement with the established value reached 91.3% (502/550) in PML-RARα qualitative RT-qPCR detection for all EQA samples. This qualitative accuracy rate was slightly higher than previously reported. 12 Except for accidental specimen loading errors, laboratory aerosol and instrument contamination may be the main cause of false-positive results, especially for ultra-low PML-RARα copies. By analyzing the reported RT-qPCR false-positive results, we found that laboratories using in-house method had more false-positive results than those using commercial reagents. The We found that commercial reagents had lower sensitivity than in-house method. Five laboratories using commercial unclassified reagents reported 11 false-negative results for medium-level and There was a great deal of PML-RARα FG quantitative variation between not only reagents but also case sets (Table 4 ). We observed that commercial reagents reported more quantitative improper results than in-house method, especially for PML-RARα isoform V ( Table 4 ). The quantitative variation had a lot to do with the intrinsic procedure, for example, the determination of standard curve. The higher difference in slope of PML-RARα FG and CG in the quantitative incorrect group was in charge of quantitative wrong ( Figure 2D ). In addition, unequal amplification efficiency between the plasmid calibration standard and the RNA template will bring about an potential augment in quantitative detecting inaccuracy 29 ;
thus, standard curve should satisfy both slope range (from-3.2 to −3.6) and R 2 > 0.980 like BCR-ABL1. 30 Laboratories should optimize and validate the RT-qPCR procedures to achieve consistent quantitative detection capacity of different isoforms. 
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